Our previous work showed that about 12% of bipolar cells in salamander retina synthesize and take up g-aminobutyric acid (GABA), are GABA transporter (GAT)-immunoreactive, and respond with a GAT current to extracellularly applied GABA, suggesting that these bipolar cells use GABA, in addition to glutamate, as a neurotransmitter. Further support for this idea was obtained in this study by use of immunogold electron microscopy and whole-cell patch clamp electrophysiology. Ultrastructural analysis showed that amacrine cell and ganglion cell processes were postsynaptic to GABA-immunoreactive synapses made by bipolar cell axon terminals. Whole-cell recordings were obtained from amacrine and ganglion cells in response to activation of bipolar cells by puffing KCl at their dendrites in the outer plexiform layer. Inhibitory postsynaptic currents were observed in several third order neurons, even after blocking the excitatory postsynaptic responses, generated in the inner plexiform layer, with a combined application of NMDA and non-NMDA receptor antagonists, AP-5 and CNQX. These ultrastructural and electrophysiological data support our previous neurochemical results, and suggest that the retinal through-information pathway in salamander includes both inhibitory GABAergic as well as excitatory glutamatergic synaptic mechanisms.
Introduction
There is broad agreement that bipolar cells in vertebrate retinae are excitatory in nature, and most likely use glutamate as their neurotransmitter (Slaughter & Miller, 1983; Lukasiewicz & McReynolds, 1985; Ehinger, Otterson, Storm-Mathisen & Dowling, 1988; Marc, Liu, Kalloniatis, Raiguel & Van Haesendonck, 1990; Massey, 1990 for review). However, in amphibian retinae, there is a considerable body of neurochemical evidence to support the presence of GABA as a neurotransmitter in some bipolar cells. First, 3 H-GABA uptake was observed in bipolar cells in Rana (Voaden, Marshall & Murani, 1974) and Necturus (Pourcho, Goebel & McReynolds, 1984) . Subsequently, immunoreactivity (IR) for glutamic acid decarboxylase (GAD, a GABA synthesizing enzyme) and GABA were found in bipolar cells of Necturus, Rana, Xenopus and Bufo (Mosinger, Studholme & Yazulla, 1986; Osborne, Patel, Beaton & Neuhoff, 1986; Yazulla, 1986; Agardh, Bruun, Ehinger, Ekstrom, van Veen & Wu, 1987; Gábriel, Straznicky & Wye-Dvorak 1992; Zhu & Straznicky, 1993; Tyler, Fite & Devries, 1995) . Recently, strong evidence has been obtained in salamander retina demonstrating that a subset of orthotopic bipolar cells may be GABAergic. These bipolar cells contained, in addition to glutamate-IR: (1) relatively high levels of GABA-IR that co-localized with GAD-IR (Yang & Yazulla, 1994) ; (2) 3 H-GABA high affinity uptake (Yang & Yazulla, 1988a) ; (3) a GABA plasma membrane transporter 1 (GAT1)-IR that co-localized with GABA-IR (Yang, Brecha & Tsao, 1997) ; and (4) a GABA transporter current that was recorded in response to extracellular application of GABA (Yang, 1998) . Together, these results showed that these bipolar cells synthesized, contained as well as transported GABA. Despite mounting evidence for the presence of GABAergic bipolar cells in salamander retina, corroborative ultrastructural and electrophysiological evidence still is lacking.
The purpose of this study was to obtain morphological evidence of the presumed GABAergic bipolar cell synapses and physiological evidence of inhibitory postsynaptic currents (IPSC) in the third-order neurons that may be elicited directly by the putative GABAergic bipolar cells.
Materials and methods

Animals
Larval tiger salamanders (Ambystoma tigrinum) from Kons Scientific, Germantown, WI, 150 -200 mm long, were maintained at 7°C in a 12/12 h light/dark cycle and fed live goldfish. Animals were dark adapted for 1 h, decapitated, double pitched and the eye was enucleated under dim red light. Care and handling of animals were approved by the Institutional Animal Care and Use Committee (IACUC) in accordance with NIH guidelines.
Electron microscopic immunocytochemistry
Retinas were fixed in 2.5% glutaraldehyde and 1% paraformaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.6 for 1-3 h at room temperature (RT). Tissues were washed in PB with 4% sucrose and 0.15 mM CaCl 2 (rinsing buffer, RB), pH 7.4 at 4°C, osmicated (2% OsO 4 in 0.1 M PB, pH 7.4) for 1 h at 4°C, dehydrated and embedded in Durcupan ACM resin. At the 70% dehydration step, tissues were en bloc stained with 2% uranyl acetate for 1 h at 4°C. The retinae were covered with 2% gelatin in 0.1 M PB before dehydration to reduce curling.
Serial ultrathin sections were collected on formvarcoated nickel-slot grids. We found that it was necessary to process the sections for postembedding immunocytochemistry within 2 h of sectioning in order to optimize the signal-to-noise ratio. Resin on the ultrathin sections was not etched. Grids were washed with distilled H 2 O followed by a Tris-Saline-Triton buffer wash (TRST, 0.05 M Tris buffer, 0.7% NaCl, 0.1% Triton X-100, pH 7.6), incubated in 4% bovine serum albumin (BSA) in TRST for 20 min and then incubated in 50 ml drops of GABA antibody (GABA antiserum c 5, 1:800, produced in rabbit against GABA conjugated to BSA with glutaraldehyde, Wenthold, Zemple, Parakkal, Reeks & Altschuler, 1986) in TRST with 1% BSA and 0.02 M NaN 3 , pH 7.6, overnight. Grids were washed on three drops of TRST (pH 7.6) for 5, 5 and 30 min, followed by TRST (pH 8.2) for 5 min. Grids were then incubated in 10 or 15 nm gold-conjugated, goat-anti-rabbit IgG in TRST (pH 8.2) with 1% BSA and 0.02 M NaN 3 for 3 h, washed on TRST (pH 7.6) for 5, 5 and 2 min, fixed with 2% glutaraldehyde in distilled H 2 O for 10 min, washed with distilled H 2 O for 5 min and dried. The sections were counterstained with 5% uranyl acetate in distilled H 2 O for 1 h and with 0.3% lead citrate in distilled H 2 O for 5 min.
Determination of immunogold density
Although it is a general feature of the retina that bipolar cells make ribbon synapses and amacrine cells make conventional synapses with target cells (Dowling & Boycott, 1966; Dubin, 1970; Fischer, 1979; Kolb, 1979) , conventional synapses made by bipolar cells have been reported for human (Allen, 1969) and tiger salamander (Wong-Wiley, 1974) . The presynaptic process of a salamander retinal bipolar cell, for both ribbon and conventional synapses, contains a heterogeneous population of relatively large synaptic vesicles and makes asymmetrical synapses, with the postsynaptic thickening greater than presynaptic membrane. In contrast, amacrine cell processes contain a rather uniform population of small round vesicles and make symmetrical conventional synapses (Wong-Wiley, 1974) .
Overall, bipolar cell profiles were identified by the presence of ribbon synapses. The area of profiles was determined by using a Summa Sketch II digitizing tablet connected to a Quadra 700 Macintosh computer running Image version 1.58 software. The number of gold particles in a profile was counted manually. A profile was considered to be GABA-IR, if its gold density was five times higher than the background, which was the average gold particle density in Mü ller cell profiles, which are not GABA-IR (Yang & Yazulla, 1988a) and thus served as a standard for tissue background. This signal to noise ratio has been adopted in other GABA immuno-electron microscopic studies of the retina (Koontz & Hendrickson, 1990; Gábriel & Straznicky, 1993) .
Retinal slices
Retinal slices were prepared using a procedure similar to those described by Werblin (1978) . After the lens and iris were removed, the central part of the eyecup was placed on a strip of Millipore filter (type HA, 0.45 mM pore size) with photoreceptor-side up. After removal of the sclera and choroid, the filter paper, with the retina attached, was cut into 250 mm-thick slices with a razor blade mounted in a holder and advanced with a micrometer. The slices were soaked in an oxygenated bath solution (see below) and kept at 4°C in the dark for 1 h. One strip of Millipore with the attached retina was rotated 90°and embedded in petroleum gel tracks in the experimental chamber (Model RC-22C of Warner Instrument, Mandem, CT) that was mounted on the stage of a Zeiss Axioskop fixed-stage epifluorescence microscope. All manipulations of the retina took place with the retina immersed in a bath solution.
Solutions
The bath solution contained: 108 mM NaCl, 2.6 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 5 mM N-2-hydroxyethylpiperazine-N%-2-ethanesulfonic acid (HEPES), pH 7.6 adjusted with NaOH. The stock solution of CNQX (6-cyano-7-nitroquinoxaline-2,3-dione, 4 mM) was prepared with DMSO. In experiments using CNQX, 10 mM was added into the perfusate and 1/400 DMSO was added to CNQX-free control bath solution. AP-5 (40 mM, D( −) enantiomer of 2-amino-5-phosphonopentanoic acid) was dissolved in bath solution. The recording pipettes were filled with a low Cl − solution containing 100 mM K-gluconate, 10 mM KCl, 0.1 mM CaCl 2 , 0.6 mM ethylene glycolbis (b-aminoethyl ether)-N,N,N%,N%-tetraacetic acid (EGTA), 1 mM MgCl 2 , 2 mM adenosine 5%-triphosphate (ATP, K-salt), 10 mM glucose, 5 mM HEPES and 0.2% Lucifer yellow (LY), pH 7.6 adjusted with KOH. LY was used to display the processes of the third order neuron that was patched. The KCl-puff solution was similar to the bathing solution except that equimolar KCl was substituted for NaCl (Lukasiewicz & Werblin, 1994) . CNQX and AP-5 were from Research Biochemical (Natick, MA). Other chemicals were from Sigma (St. Louis, MO).
Whole-cell recording
Retinal slices were perfused with 22°C oxygenated bath solution at a rate of 2 ml/min and viewed through a Zeiss 40× , long working distance (1.7 mm), waterimmersion objective. The volume of the solution in the chamber was 0.3 ml. Conventional whole-cell patch clamp techniques (Hamill, Marty, Nehr, Sakmann & Sigworth, 1981) were used. Patch electrodes were pulled in two stages with a vertical electrode pulled (Model PP-83, Narashigi, Tokyo) using thin wall microchematocrit capillary tubes (Fischer Scientific, Pittsburgh, PA) with an inner diameter of 1.1 -1.2 mm. Junction potentials were corrected according to Fenwick, Marty and Nehr (1982) . A model Axopatch 200A patch-clamp amplifier, pClamp software (version 6.0) and a model 1200 Digidata data acquisition instrument of Axon Instruments (Foster City, CA) were used. The digitized current data were stored in an IBM PC 486 compatible computer. Second order polynominal fit (program TECH.GRAPH.PAD) was used to plot the data in the graphs.
Puffing of KCl
Bipolar cells were activated by puffing KCl to the outer plexiform layer (OPL) as described by Lukasiewicz, Lawrence and Valentino (1995) and Lukasiewicz and Shields (1998) . A pressure pulse of 4-10 psi, controlled by a picospritzer (General Valve, Fairfield, NJ), was applied to a KCl-filled pipette with tip opening of 1-2 mm. After a whole-cell patch was made on the soma of a third order cell, the tip of the puff pipette was moved along the OPL until a maximum postsynaptic current was obtained.
Results
The GABA-IR bipolar cell synapses
One photomontage of the salamander inner plexiform layer (IPL) was obtained, encompassing approximately 3000 mm 2 . GABA-IR was not observed over the vast majority of bipolar cell processes, ganglion cell process or Mü ller cells. Some bipolar cell profiles were observed that had a gold particle density that was at least five times higher than observed over Mü ller cells. The GABA-IR bipolar cell gold density averaged 27 9 16 (mean 9S.D.; n=13) grains/mm 2 , compared with 31915 grains/mm 2 (n=146) for GABA-IR amacrine cell profiles and 189 8 grains/mm 2 (n=8) for GABA-IR ganglion cells. GABA-IR bipolar cells made asymmetrical synapses, both conventional and ribbon type, with presumed ganglion cell dendrites, identified by their lack of synaptic vesicles (Fig. 1A G1) , and amacrine cell processes (not shown). On occasion, both a ribbon synapse and conventional synapse were observed within a short distance of each other in the same bipolar cell terminal (Fig. 1A) . GABA-IR bipolar cell profiles were found in both the distal and proximal layers of the IPL. Fig. 1B illustrates the differences of the sizes and shapes of vesicles between a bipolar cell profile (Fig. 1B, B) and two GABA-IR amacrine cell profiles that are making symmetrical conventional synapses onto it (Fig. 1B, A 1 , A 2 ) . A non GABA-IR (i.e. glutamatergic only) bipolar cell process, making a ribbon synapse with a GABA-IR amacrine cell profile (Fig. 1C, A) and an unidentified process (Fig. 1C, UN) , is provided for comparison with the GABA-IR bipolar cell terminal shown in Fig. 1A. 
Bipolar cell-elicited IPSCs in third order neurons
Electrophysiological studies on the salamander retina show that excitatory synaptic transmission from the outer to inner retina is mediated by NMDA and non-NMDA receptors for transient and sustained third order neurons (Mittman, Taylor & Copenhagen, 1990; Dixon & Copenhagen, 1992) . We have shown that GABAergic bipolar cells are also glutamatergic (Yang & Yazulla, 1994) . Thus, these bipolar cells would directly elicit an excitatory postsynaptic current (EPSC) and as well as an IPSC in third order neurons. Bipolar cell-elicited IPSCs were isolated by combined application of NMDA and non-NMDA receptor antagonists that blocked the glutamate-elicited EPSC in both amacrine and ganglion cells (Lukasiewicz, Lawrence & Valentino, 1995; Lukasiewicz & Shields, 1998) , as well as any inhibitory output evoked indirectly by amacrine cells, because amacrine cells would no longer be acti- vated by bipolar cells. Thus, in the presence of NMDA and non-NMDA receptor antagonists, any IPSCs that were recorded from a third-order neuron in response to K + puffs in the OPL would be elicited directly by bipolar cells (BC-IPSC).
The postsynaptic current, elicited by puffs of KCl to bipolar cell dendrites in the OPL, was investigated in 23 amacrine cells and 23 cells in the ganglion cell layer (GCL). The vast majority of cells in the salamander GCL are ganglion cells (Lukasiewicz & Werblin, 1988) . The KCl-evoked current in these cells was inward at negative holding potentials ( Fig. 2A) , became outward but with shorter duration at a holding potential of 0 mV. As the holding potential became more positive, both the amplitude and the duration of the outward current increased. The I-V relation for the peak current (Fig. 2B ) indicated a reversal potential of − 10 mV in the control condition (Fig. 2Ba) , whereas in the presence of 200 mM picrotoxin (PTX), the reversal potential shifted to 0 mV (Fig. 2Bb) . The difference between the control and PTX-resistant I -V curves (Fig.  2Bc) indicated that an outward component was abolished by PTX. The inhibitory effect of PTX on the outward current was reversible, with recovery to about 85% of control after washout PTX (record not shown). CNQX (10 mM) and AP-5 (40 mM) were then applied; both PTX-resistant and PTX-sensitive components were blocked completely (Fig. 2Bd) . These data demonstrated that KCl-evoked postsynaptic currents were due to glutamate receptors on the third-order neurons, and consisted of two components: (1) a PTX-resistant component, that was an EPSC reversing at 0 mV; and (2) a PTX-sensitive outward component, that approached 0 pA at − 60 mV (Fig. 2Bc) , close to the Cl − equilibrium potential of −62 mV in our experimental condition. As the IPSC also disappeared after treating with CNQX and AP-5, it appeared to be However, in three cells, one amacrine cell and two ganglion cells, the bipolar cell-elicited current had a PTX-sensitive but CNQX-and AP-5-resistant component. Fig. 3 shows the results obtained from a ganglion cell. The currents were recorded with this cell clamped at different holding potentials before (3A, left column), in the presence of 10 mM CNQX and 40 mM AP-5 (3A, middle column), and after further addition of 200 mM PTX to the perfusate (3A, right column), respectively. In the presence of CNQX and AP-5, the amplitude of the evoked current was reduced and the reversal potential shifted from −15 mV to about − 60 mV as also illustrated in the I -V relations (Fig. 3B) . The CNQX /AP-5 resistant current was abolished by PTX (3A right column, and 3B) indicating the involvement of GABA receptors rather than glycine receptors. Lucifer yellow filling of this cell showed that it was a ganglion cells with processes ramified in the distal sublamina a of the IPL (3C). The same results as described for this ganglion cell were obtained from another ganglion cell, also with processes stratified in sublamina a. Fig. 4 illustrates the currents recorded from an amacrine cell. Curves in 4Aa and 4Ab show the outward currents recorded at a holding potential of 0 mV before and after the addition of 10 mM CNQX and 40 mM AP-5 to the perfusate. No EPSC should be elicited as its equilibrium potential is around 0 mV, the holding potential in this case. The KCl-elicited IPSC was suppressed by about 60% during perfusion with CNQX and AP-5 (Fig. 4Ab) . The CNQX/AP-5-resistant component of the IPSC was blocked completely with the addition of 200 mM PTX (Fig. 4Ac, 4Bb) . The effects of PTX, CNQX and AP-5 were reversible (Fig. 4Ad) . The I-V relation of the PTX-sensitive, CNQX/AP5-resistant component (Fig. 4Ba) approached 0 pA at a holding potential close to E Cl, confirming that it was an IPSC. Lucifer-yellow filling confirmed that the processes of this amacrine cell were in both sublaminae of the IPL (Fig.  4C) . It was further determined that amacrine cells were not activated by bipolar cells in the presence of CNQX and AP-5, because no EPSCs were ever detected in amacrine cells held at − 60 mV (n=22) in response to KCI puffed to the OPL (Fig. 5) . Taken together, these data demonstrate that the amacrine cell of Fig. 4 received GABAergic input directly from bipolar cells.
Discussion
This is the first report in salamander retina in which: (1) GABA-IR bipolar cell synapses onto third-order neurons have been identified; and (2) the CNQX /AP5 resistant and PTX-sensitive IPSCs, directly derived from bipolar cells, have been recorded from third order neurons. These findings provide very strong support for the presence of GABAergic bipolar cell input to amacrine cells and ganglion cells in the salamander retina.
GABA-IR bipolar cell synapses
All bipolar cells in the salamander retina contain glutamate (Yang & Yazulla, 1994) and make both ribbon and conventional synapses, at about a 2:1 ratio, with target cells (Wong-Wiley, 1974) . GABA-IR bipolar cells are a subset of glutamatergic bipolar cells, and account for 12% of the bipolar cell population (Yang & Yazulla, 1994) . They comprise at least four subtypes, ramifying in both the distal (OFF) and proximal (ON) layers of the IPL (Yang, 1997) .
Overall, bipolar cells contact amacrine and ganglion cell dendrites with about equal frequency. The large majority (83%) of ribbon synapses form dyads usually with an amacrine cell and a ganglion cell process, whereas 94% of the conventional synapses are monads with the postsynaptic processes derived from amacrine cells or ganglion cells (Wong-Wiley, 1974 ). Here we have identified both ribbon and conventional GABA-IR bipolar cell synapses with ganglion cell and amacrine cell dendrites, and the GABA-IR bipolar cell synapses were found in both the ON and OFF layers. A quantitative analysis would reveal if non-GABA-IR bipolar cells (glutamatergic) and GABA-IR bipolar cells contact amacrine and ganglion cells in different ratios, suggesting whether these cells differ in their use of the through-visual pathway from bipolar cells to ganglion cells or the lateral pathway from bipolar cells to amacrine cells. Another possibility is that GABA receptor subtypes differ for the targets of GABA-IR ribbon and conventional bipolar cell synapses, similar to the reports of segregation of glutamate receptor subtypes to only one component of a dyad at bipolar synapses in rat retina (Hartveit, Brandstätter, Sassoè-Pognetto, Laurie, Seeburg & Wässle, 1994; Koulen, Kuhn, Wässle & Brandstätter, 1996; Brandstätter, Koulen & Wässle, 1997) . As GABA-IR ribbon and conventional synapses can be localized in the same bipolar cell profile, differences in postsynaptic GABA receptor types is a distinct possibility. GABA-IR bipolar cells are not unique to amphibians but have been found in cat (Pourcho & Owczarzak, 1989 ) primate (Grü nert & Wässle, 1990 Kalloniatis, Marc & Murry, 1996) and human (Van Haesendonck & Missotten, 1993) , and it is likely that reports about synapses made by these mammalian GABA-IR bipolar cells will be forthcoming.
Bipolar cell-elicited IPSC on third-order neurons
It is unlikely that the BC-IPSC was due to input from glycinergic bipolar cells because the glycine receptors in mudpuppy and salamander are PTX-insensitive (Slaughter & Miller, 1991; Han, Zhang & Slaughter, 1997) . Although a small percentage of bipolar cells in salamander retina show 3 H-glycine labeling (Yang & Yazulla, 1988b) , these bipolar cells show very low levels of glycine as determined by glycine immunoreactivity (Yang & Yazulla 1988b) , indicating that despite an accumulation of 3 H-glycine, these bipolar cells contain very low stores of endogenous glycine. The source of 3 H-glycine labeling in salamander retinal bipolar cells is unknown, but it likely derives from diffusion through gap junctions made by these bipolar cells with adjacent glycinergic amacrine cells as described for cat and rabbit (Cohen & Sterling, 1986; Vaney, Nelson & Pow, 1998) . It is also unlikely that the BC-IPSC was due to a glutamate-activated Cl − current, as described by Grant & Dowling (1995) in fish retina, because the glutamate-activated Cl − current was not sensitive to PTX unlike the BC-IPSC reported here. Therefore, we conclude that the BC-IPSCs were evoked by GABAergic bipolar cells.
GABA-IR bipolar cells comprise about 12% of the bipolar cell population (Yang & Yazulla, 1994) , but as yet the degree of synaptic convergence or divergence with third-order neurons is not known. Only 7% of the third order cells (3 of 46) displayed BC-IPSCs. Although this sample is too small to make much of a statement about convergence, it does seem to argue against significant divergence, in which a large proportion of third-order neurons would be expected to display BC-IPSCs. GABA-IR bipolar cells may be involved in a specific circuit rather than provide a broad modulatory influence that should be detectable in a large percentage of cells. This idea is supported by the observation that there are at least four subtypes of GABA-IR bipolar cells that ramify narrowly in the ON-and OFF-sublayers of the IPL (Yang, 1997) and, Fig. 5 . An EPSC that was elicited in an amacrine cell by puff of KCl in the OPL (upper trace) was completely abolished by the addition of 10 mM CNQX and 40 mM AP-5 to the perfusate (lower trace). Holding potential was −60 mV.
according to the scheme shown by Maple and Wu (1996) , it is likely that a GABA-IR bipolar cell subtype is represented in the ON and OFF channels of the scotopic as well as photopic systems. It is also possible, however, that the percentage of the BC-IPSCs has been underestimated. The amplitude of postsynaptic currents that are recorded in the soma decreases with distance between the location of receptors on dendrites and the soma in a Gaussian way (Lukasiewicz & Werblin, 1990) . Third-order neurons that receive inhibitory input from bipolar cells only at their distal dendrites may not have a detectable IPSC by recording from the soma, especially if some of those dendrites are removed by the slicing procedure. Thus, it is important to investigate the spatial distribution of the GABA-IR bipolar cell input to thirdorder neurons if an accurate estimate of their influence is to be determined.
GABA-IR bipolar cells in this species are a subpopulation of glutamatergic bipolar cells (Yang & Yazulla, 1994) . As such, they may co-release both an excitatory and an inhibitory neurotransmitter, similar to that proposed for acetylcholine and GABA in starburst amacrine cells (Neal, Cunningham, Hutson & Semark, 1992; O'Malley, Sandell & Masland, 1992) . How this relates to the detail of retinal coding is yet to be determined. One possibility is that GABA released from GABAergic bipolar cells could activate both GABA receptors (hyperpolarizing) and GABA transporters (depolarizing) on the same bipolar cell to form an auto-feedback mechanism (Yang, 1998 ) that may or may not be similar to the GABA auto-feedback described for horizontal cells (Kamermans & Werblin, 1992) . Thus, the release of glutamate from GABAergic bipolar cells could be modulated by two mechanisms, a recurrent inhibitory input from GABAergic amacrine cells and a GABA autofeedback.
Conclusion
The existence of a subset of GABAergic bipolar cells in salamander retina is supported by neurochemical, ultrastructural and electrophysiological evidence. The implication of this is that the retinal through-information pathway in salamander incorporates both inhibitory GABAergic and excitatory glutamatergic synaptic mechanisms, and thus may be more complicated than previously thought.
